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Introduction
Shaped carbon nanomaterials (SCNMs) such as carbon nanotubes (CNTs) are fascinating carbonaceous materials with novel physical and chemical properties [1] . Owing to their unique properties, such as high tensile strength, Young's modulus [2] , thermal stability [3] , surface area [4] , and excellent electrochemical properties [5] , CNTs have been found to be useful materials in the field of nanotechnology [1] . These physicochemical properties of CNTs can be enhanced further via nitrogen-doping to form nitrogen-doped CNTs (N-CNTs) [6] . The nitrogen species present in N-CNTs act as n-type conductors and as basic functional groups thus enhancing the electrical properties [7] and surface energy [8] of N-CNTs. Additionally, N-CNTs contain defect sites that can improve their wettability and surface area [9] which are useful properties for potential application of N-CNTs in various fields such as catalysis [1] and field emission devices [10] .
Unlike other flake-like carbonaceous materials such as graphene, CNTs and N-CNTs are cylindrical and contain hollow cavities in their structures. These hollow cavities can be filled with iron to form ferromagnetic CNTs and N-CNTs [11] . Ferromagnetic CNTs and N-CNTs are used in different areas, such as electromagnetic wave absorption [11] . They can also be applied as heterogeneous catalysts with the added advantage of the ease of separating them from solutions by use of magnets [12] . Iron filled CNTs have been synthesized by using mixtures of organic halogens and ferrocene as catalysts [13] . For instance, Gui et al. synthesized ironencapsulated CNTs by use of dichlorobenzene and ferrocene catalyst [14] . However, little is known about the use of halogenated ferrocenyl derivatives as catalysts in the synthesis of iron encapsulated CNTs or N-CNTs.
Ferrocene [15] and ferrocenyl derivatives [16] , due to their volatile nature, are frequently used as catalysts in the synthesis of CNTs and other shaped carbon nanomaterials (SCNMs) [15, 17] . Nitrogen-containing ferrocenyl derivatives, as catalysts, have been explored in the synthesis of N-CNTs [8] . In some instances, the use of nitrogen-containing ferrocenyl derivatives yields N-CNTs with better physical or chemical properties as opposed to the use of ferrocene dissolved in a nitrogen containing organic solvent. For example, Nxumalo et al. showed that the use of 4-ferrocenylaniline as a catalyst yields N-CNTs with higher nitrogen-doping levels compared with ferrocene in aniline solution [18] . Another seldom-explored approach that can also be useful in modulating the nitrogen content and species in N-CNTs and other properties of SCNMs is the use of halogens [19] . Halogens, such as fluorine, are potential oxidizing agents that could induce defects in CNTs during the nucleation; these defect sites can easily accept nitrogen species resulting in higher nitrogen-doping levels. However, reports on the use of halogens to modulate nitrogen-content in N-CNTs are limited.
In this study, 1,1′-ferrocenyldiacrylonitriles ( Fig. 1) , containing nitrogen-(para-CN), fluorine-(para-CF 3 ) and chlorine-heteroatoms (para-Cl), were synthesized and characterized.
The X-ray crystallographic structure of the para-CF 3 catalyst is reported for the first time. The 1,1′-ferrocenyl-diacrylonitriles have been investigated as novel catalyst for the synthesis of NCNTs, carbon nanofibres (CNFs) and carbon spheres (CS). The chlorine and fluorine heteroatoms were used to evaluate the effect of halogenated catalysts on nitrogen-doping and iron encapsulation into the cavity of N-CNTs. We also present the effect of halogen heteroatoms on the diameters, type of nitrogen-species in N-CNTs and also the not only on amount of product but also the distribution of the products. The effect of varying the carbon and nitrogen source has been evaluated by using either acetonitrile or pyridine as the carbon and nitrogen source. 
Results and discussion

Synthesis of para-CN, para-Cl and para-CF 3 catalysts
Synthesis of para-CN, para-Cl and para-CF 3 substituted catalysts was conducted as reported by Ombaka et al. [20] . Grinding together 1,1′-ferrocenedicarboxaldehyde and the substituted phenylacetonitriles in the presence of a drop of piperidine yielded the para-CN, para-Cl and para-CF 3 substituted catalysts as depicted in Scheme 1 [20] . The reaction mixture readily turned into a melt or a gum upon grinding at ambient temperatures. The obtained melt or gum was dried under vacuum and IR and 1 H-NMR spectroscopy were used to confirm the reaction completion. 
Crystal structure of the para-CF 3 catalyst
We have previously reported the synthesis and characterization of the para-CF 3 catalyst [20] , however, the crystal structure of this catalyst has not been reported. The molecular structure and atom numbering scheme of the para-CF 3 catalyst is presented in Fig. 2 . Selected bond distances and angles of the para-CF 3 structure are summarized in Table 1 . The crystal structure of the para-CF 3 catalyst contains a more bulky -CF 3 group on the para-position as opposed to the para-CN and para-Cl groups in the previously reported catalysts [20] . The bulky -CF 3 group does not seem to affect the arrangement of the two para-(trifluoromethyl)phenylacrylonitrile moieties since the structure adopts a cisoidal conformation which is observed in less bulky groups (para -CN and -Cl) that have been previously reported [20] . However, the two -CF 3 groups seem to influence the conformation around the C 11 -C 13 and C 20 -C 22 double bond in which the CN groups are observed to face opposite directions. The steric strain caused by the -CF 3 groups also tends to influence the cyclopentadienyl rings which are staggered by an angle of 17.9° from an ideal eclipsed geometry. The staggering angle in the para-CN and para-Cl were smaller (15.85° and 0.654°, respectively) [20] .
All Fe-C bond distances and angles are well within the expected ranges of similar ferrocenyl derivatives [20] . In the para-CF 3 catalyst, the cyanoethyl benzonitrile groups are staggered by an angle of 170.5(4)° while, in the para-CN and -Cl catalysts the cyanoethyl benzonitrile groups were staggered by 165.86(18)° and 156.3(4)°, respectively [20] . As the para-substituent increases in size (i.e. Cl < CN < CF 3 ), the angle by which the cyanoethyl benzonitrile groups are staggered also increases. The increase in steric strain could be perpetuated by repulsive interactions between the two cyanoethyl benzonitrile groups resulting in a wider angle of staggering. 
Effect of the para-substituent and nitrogen source on SCNMs
In this section, the SCNMs synthesized by using the para-CF Product yields obtained from all three catalysts dissolved in pyridine and acetonitrile are summarized in Table 2 . Amongst the three catalysts used, the para-CF 3 catalyst gave the highest yield with pyridine or acetonitrile. The fluorine in para-CF 3 catalyst may have restructured the iron catalysts to a more active phase of higher carbon solubility hence increasing the yield of SCNMs [21] . The para-Cl catalysts gave the lowest yield with pyridine and acetonitrile. A previous report also observed that chlorinated catalysts lower the growth rate of SCNMs [22] , this may be attributed to reactions between the catalysts active sites and chlorine which deactivate the catalysts thus decreasing the yield [23] . Higher yields were obtained with pyridine compared with acetonitrile, this is because pyridine has three extra carbon atoms thus, pyridine supplies higher quantities of carbon leading to greater yields of SCNMs [22] . Acetonitrile has a higher nitrogen:carbon ratio (1:2) than pyridine (1:5), the high nitrogen concentrations in acetonitrile slow down SCNMs growth rates thus lowering the yields [21] .
TEM analysis on various images revealed that the nanotubes had bamboo compartments (see Fig. 3 a-c, and Fig. 4a-c) which is a characteristic trait associated with nitrogen-doped CNTs [24] . SCNMs obtained from pyridine and para-CF 3 or para-CN catalysts yielded N-CNTs as the main product, whilst the use of the para-Cl catalyst in pyridine yields mainly CS (Table 2 ).
When acetonitrile is used as a carbon/nitrogen source, N-CNTs are still produced as the major product but the minor product changes to CNFs (Fig. 4 and Table 2 ). N-CNTs synthesized with the para-CF 3 catalyst in pyridine are predominantly helical ( Fig. 3a and Supplementary data S1). Helical-CNTs (H-CNTs) have been reported to favourably grow over small (15-30 nm) iron catalyst particles [25] which facilitate formation of pentagonal and heptagonal structures that lead to kinks in the CNTs [22] . The fluorine atoms present in the para-CF 3 catalyst may have reduced the diameter of iron catalyst to a size which increases the selectively towards the growth of H-N-CNTs.
The para-Cl catalyst yields the highest quantity of CS while the para-CF 3 catalyst gives the least amount of CS (Table 2 ). This can be attributed to the fact that fluorine, just like oxygen can act as an oxidising agent that 'cleans out' dangling carbon atoms, which prevalently form CS, and in the process reduces the formation of CS. On the contrary, the para-Cl moiety seems to have poisoned the iron nanoparticle catalysts to favour formation of CS [26] . These observations contradict the report of Lv et al. [13] who observed good CNTs yield with chlorinated synthesis precursors.
The use of para-CF 3 , and acetonitrile, yields N-CNTs as the only SCNMs, while use of para-CN and para-Cl yields a mixture N-CNTs and CNFs (Table 2 Table 2 ). The formation of CNFs can be correlated with the abundance of reactive hydrogen radicals emanating from the catalyst during synthesis [27] . The molecular hydrogen pumped through the reaction chamber reduces Fe 2+ species to Fe 0 that catalyses SCNM growth [28] , but the reactive hydrogen radicals enhance CNF formation [29] . During synthesis, chlorine and fluorine heteroatoms, present in the para-CF 3 and -Cl catalysts, can react with such reactive hydrogen radicals, thereby reducing their abundance and promoting formation of N-CNTs. Pyridine was a better carbon source than acetonitrile because it gave higher yields of SCNMs with all catalysts (Table 2) . Hence, further characterization of SCNMs by use of Raman spectroscopy, TGA, FTIR and XPS were only conducted on the products obtained from pyridine.
Crystallinity of SCNMs
Raman spectroscopy was used to evaluate the crystallinity of SCNMs synthesized from all three catalysts in pyridine (Fig. 6a) . From the Raman spectra, two first-order peaks, i.e. a disorder band (D-band) at 1376-1399 cm -1 and a graphitic band (G-band) at 1569-1604 cm -1 are observed [30] . The D-band is due to the breathing modes of disordered sp 2 hybridized carbons, while the G-band is caused by the stretching modes of sp 2 hybridized graphitic carbon networks [31] . An increase of disorder in the graphene structures results in a more intense D-band than the G-band, and vice-versa for a decrease in disorder. Thus, the Tuinstra-Koening relationship I D /I G (integrated area of the D-band:integrated area of the G-band) has been applied to determine the crystalline nature of SCNMs [32, 33] . A lower I D /I G ratio indicate a higher degree of crystallinity, while a higher I D /I G ratio imply the reverse.
SCNMs-F exhibit the lowest value of I D /I G while SCNMs-Cl have the highest I D /I G value (Fig. 6b) . The higher I D /I G value observed from SCNMs-Cl is indicative of the presence of more amorphous carbons [34] or CS in these samples because amorphous carbons are normally inherently disordered giving rise to a strong D-band intensity [35] . This observation supports the greater quantity of amorphous carbon and CS observed from TEM analysis of SCNMs-Cl (Table 2 ). Likewise, the lower I D /I G value of SCNMs-F corresponds with the lower percentage of amorphous carbons in these samples as observed from the TEM analysis (Table 2) . Generally, the I D /I G ratio correlated directly with the quantity of amorphous carbon in the SCNMs. The G-band seems to shift from 1592 cm -1 (SCNMs-Cl) to 1604 cm -1 (SCNMs-F). This shift may be attributed to the reduction of the in-plane correlation length in ordered graphene sheets [30] caused by nitrogen-doping. It is also important to note that the D-and G-bands of SCNMs-F exhibit a much greater intensity than those of other samples (Fig. 6a) . Similar observations were made from the Raman spectra of N-CNTs synthesized with 4 wt.% oxygen in acetonitrile [8] . Since fluorine neighbours oxygen in the periodic table, it is possible that fluorine just like oxygen can etch the walls of N-CNTs thus increasing the Raman intensity [36] .
Thermal stability of SCNMs
TGA analyses were used to determine the thermal stability of SCNMs synthesized by use of all three catalysts in pyridine. The thermograms and derivative thermograms (DTG) are presented in Fig. 7 . From the thermograms (Fig. 7a) it is evident that SCNMs-F are the least thermally stable while SCNMs-Cl and -CN exhibit a similar thermal stability. The lower decomposition temperature of SCNMs-F can be associated with the increased number of H-NCNTs observed from TEM images of these samples. These H-N-CNTs have a higher density of defects than straight N-CNTs which results in a lowering of the decomposition temperature [37] .
The observed lower thermal stability of SCNMs-F parallels the observation made from TGA analysis of N-CNTs synthesized by using 4 wt.% oxygen in acetonitrile [8] . Thus, it is likely that fluorine, just like oxygen, enhances defects in N-CNTs thus decreasing the sample thermal stability. Between 800-1000 °C, the residual weight on all curves increases due to oxidation of iron to iron oxide (Fig. 7a) . The DTG of all SCNMs showed a minor peak (≈350-450 °C) and a broad major peak (≈500-800 °C). The minor peak is associated with amorphous carbon present in all samples as observed from TEM analysis. The major peak arises from the overlap of the decomposition peaks of N-CNTs and CS. The peak corresponding to SCNMs-F significantly differs from those of SCNMs-CN and SCNMs-Cl in terms of shape and position. This can be due to the presence of more oxygen functionalities or the incorporation of a pyridinic nitrogen species in the NCNTs-F, as mentioned in Section 2.2.3 [36] . The oxygen or nitrogen species may have increased the number impurities in N-CNTs-F leading to an overall decrease in thermal stability of NCNTs-F [38] . A similar trend in DTG curves is also observed in the DTG of N-CNTs synthesized by use of 4 wt.% oxygen in acetonitrile [8] . The DTG curve for SCNMs-Cl is narrower and sharper than that of SCNMs-F and SCNMs-CN indicating that this sample is more homogeneous than the other two samples.
Surface chemistry of N-CNTs and CS
FTIR spectroscopy and XPS analysis were used to analyse the surface chemistry of the SCNMs synthesized by use of all three catalysts in pyridine (Fig. 8) . A broad band appearing at ≈3400 cm -1 is observed in the spectra of all samples and is assigned to the stretching vibrations of -OH groups in water molecules adsorbed onto the SCNMs [39] . The transmittance peaks at ≈2950-2850 cm -1 correspond with the stretching vibration of dangling CH 2 and CH 3 groups attached to the aromatic rings of graphene and amorphous carbons [40] . The stretching vibrations of CO 2 groups arising from the single beam FTIR spectrometer are observed at ≈2381 cm -1 [41] . The stretching modes of the C=C bonds found in the aromatic rings of CNTs are observed at 1678 cm -1 , while the C-H vibration modes are observed at 788 and 699 cm -1 [40] .
The stretching vibrations of C=N that have been reported to appear at ≈1567 cm -1 [41] [42] [43] [44] appear to have overlapped with the C=C stretching modes to form a broad peak between 1519-1713 cm -1 . This peak is most prominent and intense in SCNMs-F and SCNMs-Cl compared with SCNMs-CN. Therefore, it is possible that there is more nitrogen-doping in N-CNTs-F and NCNTs-Cl than in N-CNTs-CN. This possibility is further supported by the lower thermal stability of these samples observed from TGA analysis [45] . who observed low concentration of Cl in CNTs synthesized from ferrocene and dichlorobenzene as a source of chlorine [14] . Thus, the use of halogenated ferrocenyl derivatives may have the advantage of eliminating halogen-functionalization of N-CNTs thus yielding more pure products.
The data obtained from XPS analysis showed that nitrogen (3.65-4.05 wt.%) was present in all SCNMs (Table 3) . Similar levels of nitrogen-doping were present in SCNMs-F and SCNMs-Cl.
SCNMs-CN showed the least amount of nitrogen doping despite having two extra nitrogen atoms on the structure of the para-CN catalyst, suggesting that the generated nitrogen species do not necessarily favour nitrogen-doping. Since SCNMs-F and SCNMs-Cl have an almost equal nitrogen content, it is expected that their thermal decomposition temperature would be almost equal. However, this is not the case as SCNMs-F are less thermally stable than SCNMs-Cl (Fig.   7 ). The decrease in thermal instability of SCNMs-F was attributed to the presence of higher oxygen levels in these samples (Table 3 ). In general, both fluorine and chlorine enhances the nitrogen-doping of N-CNTs. The binding energy of nitrogen or carbon to the catalytic metal nanoparticle influences the properties of the obtained N-CNTs [46] . Thus, it is possible that fluorine and chlorine heteroatoms increase the binding energy between nitrogen and iron catalyst resulting in higher nitrogen-doping levels in SCNMs-F and -Cl. catalysts was comparable to that in previous reports [9, 28] . During synthesis, just like oxygen, fluorine and chlorine are reactive elements that can induce defects in the graphitic structure of CNTs [8] . Defective carbon structures are more reactive than their graphitic counterparts, thus, they readily accept the incorporation of heteroatoms such as nitrogen species into their structure [47] . Consequently, fluorine and chlorine in the halogenated catalysts may have enhanced nitrogen-doping levels via defects.
The N 1s spectra of all SCNMs showed overlapped peaks between 399.0-405.9 eV that were deconvoluted into four nitrogen (N1, N2, N3 and N4) species ( Fig. 9 and Table 3 ). The lowest energy peak appeared at 399.0 eV, this peak was labelled N1 and assigned to pyridinic nitrogen species [48, 49] . The next peak labelled as N2 appeared at 400.7 eV, was attributed to pyrrole nitrogen species [50] . The third peak having an energy of 402.5 eV was coded N3, this peak was accredited to quaternary amine [51] . The fourth peak, which appeared at 405.9 eV was coded N4 and attributed to nitrogen molecules adsorbed or encapsulated within the graphene layers of SCNMs [52] .
Interestingly, SCNMs-F and SCNMs-Cl exhibited a higher quantity of pyridinic nitrogen (N1) than SCNMs-CN (Table 3) . On the other hand, SCNMs-CN had a higher composition of quaternary amine (N3) compared to SCNMs-F and SCNMs-Cl. Thus, the halogen parasubstituents promoted pyridinic nitrogen-doping at the expense of quaternary amine nitrogendoping. The higher quantity of pyridinic nitrogen species in SCNMs-F and -Cl may have led to the decrease in the thermostability of these samples (Fig. 7) . 
Experimental Section
Materials and characterization
All chemicals and solvents used were of analytical grade and were used as received.
Aluminium-backed silica gel 60 F 254 plates were used to carry out thin layer chromatography in 
General procedure for synthesis of 1,1′-ferrocenyldiacrylonitrile
The general procedure for the synthesis and characterization of 1,1′-ferrocenyldiacrylonitriles is displayed in Scheme 1 and has been previously reported [20] . In brief, 1,1′- 
1,1′-Ferrocenyldi[-2(4-cyanophenyl)acrylonitrile] (para-CN catalyst)
The general procedure for the synthesis of this catalyst is described in Section 4. 
1,1′-Ferrocenyldi[-2(4-chlorophenyl)acrylonitrile] (para-Cl catalyst)
The general procedure for synthesis of this catalyst is described in Section 4. 
1,1′-Ferrocenyldi[-2(4-{trifluoromethyl}phenyl)acrylonitrile] (para-CF 3 catalyst)
The general procedure for synthesis of this catalyst is described in Section 4.2 and involves the use of 1,1′-ferrocenyldicarboxaldehyde (145.0 mg, 0.60 mmol) and 4-(trifluoromethyl)phenylacetonitrile (244.0 mg, 1.32 mmol). Upon grinding a deep red paste was formed, which was dried to obtain a red solid. The reaction completion was monitored by use of preparative TLC plates with a solvent system of hexane/diethyl ether (1:1) and the product was then purified by means of column chromatography with a solvent system of hexane/diethyl ether 
X-ray crystallography analysis of the para-CF 3 catalyst
Crystal evaluation and data collection for the para-CF 3 [53] while the structure was solved and refined by using the SHELXL [54] . H-atoms were added geometrically and fixed during refinement for all concerning atoms. WinGX [55] and ORTEP3 [56] were used to prepare molecular graphics and material for publication [54] . The crystal data and structure refinement information for the para-CF 3 catalyst are summarized in Table 4 .
Disorder was found for one trifluoromethyl F-atoms, which is not an uncommon situation.
The disorder was modelled for F atoms using distance restraints, displacement parameters restraints and PART instructions while keeping the total occupancy at each atom site as 1 during the refinement. All fluorine atoms involved in the disorder were modelled with anisotropic thermal parameters. 
Synthesis of N-CNTs
N-CNTs were synthesized by using a chemical vapour deposition (CVD) technique as outlined by Ombaka et al. [8] and Oosthuizen et al. [57] . In brief, three ferrocenyldiacrylonitriles with substituted para-CF 3 , -CN or -Cl (Fig. 1) were used as catalysts.
Acetonitrile or pyridine was used as the main nitrogen and carbon source. A solution made by dissolving 0.25 g of the catalyst in 9.75 g of either acetonitrile or pyridine (i.e. 2.5 wt.% of catalyst) was made and used to synthesize N-CNTs.
The solution of synthesis precursors was injected at a flow rate of 0.8 mL min -1 into a quartz tube placed in a muffle furnace. The synthesis precursors were carried through the quartz tube by a carrier gas (10% hydrogen in argon (v/v)), which was pumped at a rate of 100 mL min -1 at 80 kPa. A reaction temperature of 850 °C was used for all experiments and, the furnace was set to maintain this temperature for 30 minutes during synthesis. Upon completion of the reaction, the reactor was left to cool to room temperature and the products formed were collected from the hot zone of the quartz tube.
Supplementary data
Supplementary data S1 displays addition TEM images of N-CNTs synthesized from the the fluorinated catalyst. 
